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Introduction {#sec001}
============

Natural killer (NK) cells are potent effectors for maintenance of immune homeostasis, with influences in successful pregnancy, control of autoimmunity, and protection against cancer and viral infections. NK cell functions range from regulation to inflammation, and include cytokine production and cytotoxicity through direct binding and degranulation, promotion of apoptosis and antibody-dependent cellular cytotoxicity (ADCC) \[[@pone.0231664.ref001], [@pone.0231664.ref002]\].

The outcome of an NK-target interaction is determined by the NK cells' integration of simultaneous signaling through germline-encoded activating and inhibitory receptors. Receptor expression is not universal across all of the NK cells in an individual's repertoire: up to 30,000 phenotypically-distinct NK cell subsets have been defined in a single donor \[[@pone.0231664.ref003]\]. The functional potential of individual NK cells is calibrated by their capacity for inhibition by "self" human leukocyte antigens (HLA) in a process called "education" or "tuning" \[[@pone.0231664.ref001], [@pone.0231664.ref004], [@pone.0231664.ref005]\]. This creates a repertoire of NK cells in each individual comprised of NK cells differently equipped to respond to immunologic challenges \[[@pone.0231664.ref001], [@pone.0231664.ref006], [@pone.0231664.ref007]\]. In response to certain viruses and haptens, NK cells can form memory-like or "adaptive" populations that are long-lived and exhibit enhanced responsiveness upon rechallenge \[[@pone.0231664.ref008]--[@pone.0231664.ref010]\]. NK cells are highly plastic, and have clear potential for the immunotherapy of cancer, infectious disease and autoimmune disorders, but further study is needed to understand how to best and broadly control NK cell responsiveness.

At rest, and especially in response to cytokine pre-priming, NK cells encode an array of pre-formed mRNA for effector molecules including cytokines, granzymes and signaling receptors. MicroRNAs (miRNAs) can bind to and suppress mRNA translation; this enables post-transcriptional control for dynamic modulation of NK cell function \[[@pone.0231664.ref011]\]. MiRNAs are found throughout body fluids and cells, evolutionarily conserved and highly stable \[[@pone.0231664.ref012]\]. A single miRNA can have hundreds of targets, so miRNA enable modulation of cellular processes by impacting an array of mRNA species \[[@pone.0231664.ref013]\]. As a result, miRNAs have multifactorial impacts on human health and, when dysregulated, can underlie autoimmune diseases, antiviral immunity and cancer \[[@pone.0231664.ref014], [@pone.0231664.ref015]\].

The broad regulation of cellular processes by miRNA make them intriguing as agents to modulate NK cells for immunotherapy and to monitor ongoing processes. Already, miRNA species have been implicated as biomarkers for identifying and characterizing diseases or monitoring treatment efficacy \[[@pone.0231664.ref016]--[@pone.0231664.ref018]\]. Noteworthy, one miRNA-based treatment, miravirsen, is being tested against hepatitis C (clinicaltrials.gov \# NCT02508090). Miravirsen is an antisense oligonucleotide that interferes with miR-122, a miRNA that otherwise facilitates persistence of viral RNA \[[@pone.0231664.ref019]\]. This trial proves the principle that it is feasible to deliver, manipulate and measure miRNA species, for clinical applications. As central mediators of inflammation and regulation and with functions controlled by miRNA, NK cells are an ideal target population for miRNA-based therapies, but further studies are required to understand how miRNA impact NK cell function.

Approaches are established for expansion, engineering and delivery of NK cells \[[@pone.0231664.ref020]--[@pone.0231664.ref022]\], but strategies to efficiently target miRNA in particular are lacking. Tailoring of the miRNA environment in NK cells may allow control in complex cellular processes to polarize NK cells for inflammation or regulation. As with many cell subtypes, transfection and engineering of primary NK cells has been challenging, and can induce alterations in NK cell biology and function as the NK cell responds to the transfection process or reagents \[[@pone.0231664.ref023]\]. These off-target impacts may alter NK cell function, with consequences on the efficacy of the desired intervention or interpretation of experiments. Few studies have altered miRNA in primary human NK cells, possibly owing to a lack of efficient methods for this purpose. Non-viral methods include lipid-based (lipofectamine, HiPerfect) \[[@pone.0231664.ref024]--[@pone.0231664.ref026]\] or mechanical (i.e. electroporation, nucleofection) \[[@pone.0231664.ref027]\]. A limited array of miRNA have been assessed using these methods, and the highest reported transfection efficiencies are 35% \[[@pone.0231664.ref026]\]. Noteworthy, among all published studies, cells were maintained in serum-enriched media. For investigations of miRNA in particular, it is important to avoid introduction of highly-conserved exogenous miRNA from serum \[[@pone.0231664.ref028]\], necessitating that all miRNA manipulations must be conducted in serum-free media. Approaches that enable manipulation of miRNA without substantially altering NK cell education, phenotype or memory in serum-free media are therefore needed to better understand the impacts of miRNA on NK cell function.

Aiming to develop a technique to efficiently engineer NK cells through manipulation of miRNA, we tested four approaches. We modified expression of two miRNA species with known links to both human health and NK cell function: miR-155-5p and miR-146a-5p and tested their ability to change the miRNA landscape without altering population variation, NK cell education and hallmarks of NK cell adaptation. We found that the TransIT-TKO transfection reagent--a tool originally designed to deliver siRNA into cells--far outperformed other transfection approaches. Using fluorescein (FAM)-labeled miRNA, we demonstrate that \>90% of unmanipulated, primary human NK cells can be transfected in this way, with maintenance of \>80% viability. NK cell phenotype, repertoire diversity and education remained intact following transfection, confirming that this approach is highly-effective for engineering of NK cells without off-target impacts. To our knowledge, this represents the highest efficiency transfection of primary NK cells. We expect that this simple approach will accelerate miRNA engineering in NK cells for their use in immunotherapy and discovery research.

Methods {#sec002}
=======

Ethics {#sec003}
------

Peripheral blood was collected from healthy donors locally and in collaboration with Canadian Blood Services' Blood4Research program. Fibroblast-like synoviocytes (FLS) were collected from juvenile idiopathic arthritis (JIA) patients. The study was approved by the research ethics boards of the Dalhousie University, IWK Health Center and Canadian Blood Services and all participants or their guardians signed informed consent.

Cell isolation, cell lines and culture {#sec004}
--------------------------------------

PBMCs were isolated by density gradient centrifugation and NK cells were isolated from fresh heparinized blood sample using the RosetteSep Human NK Cell Enrichment Cocktail (Stemcell Technologies), according to the manufacturer's instructions. We compared ATCC recommended media (containing 25% bovine and horse serum) and RPMI media (containing 10% FBS) to serum-free X-VIVO 10 media (Lonza) to define conditions for cell cultures without serum. Unless otherwise indicated, primary PBMCs and NK cells were maintained in X-VIVO 10 Serum-free Hematopoietic Media containing L-glutamine (3mM, Gibco), L-serine (1.8mM, Alfa Aesar), L-asparagine (0.6mM, Multicell), and 100 IU/mL IL-2 (Peprotech) at 1-2x10^6^ cells/mL at 37°C and 5% CO~2~. Previously frozen PBMCs were rested overnight and NK cells rested for a minimum of 2 hours prior to experimental manipulation(s).

FLS were isolated from whole synovial fluid collected from patients with polyarticular or oligoarticular JIA using established protocols developed with modifications \[[@pone.0231664.ref029]\]. Briefly, cells were pelleted from whole synovial fluids (1000x*g*, 15 min) and mononuclear cells were isolated by density gradient centrifugation. Synovial Fluid MNCs were plated for 24 hours and non-adherent cells were removed. Adherent cells were maintained in alpha-MEM containing 20% HI FBS, NEAA, 1 μM sodium pyruvate, penicillin/streptomycin, and 2 μM L-glutamine (all from Gibco). Once confluent, we confirmed that FLS cell lines were homogeneous by flow cytometry phenotyping: CD14-negative, CD90 positive, Cadherin 11 positive. Thereafter, cells were used for experimentation at passage four and transferred to serum-free media, (X-Vivo 10) 24 hours prior to transfection.

The NK cell line, NK-92 (ATCC), was maintained in ATCC recommended media and cultured in X-VIVO 10 for experiments. The K562 target cell line was obtained from the National Cancer Institute and maintained in RPMI with 10% FBS.

Transfection {#sec005}
------------

To identify the ideal procedure for manipulating miRNA in human NK cells, we tested several approaches, including the Amaxa Human NK Cell Nucleofector Kit (Lonza), Lipofectamine RNAiMAX Transfection Reagent (ThermoFisher Scientific), TransIT-SiQuest Transfection Reagent (Mirus), and TransIT-TKO Transfection Reagent (Mirus), all following the manufacturer's recommended protocols. All optimization transfections for miRNAs were completed with 25 nM of FAM-labeled Negative Control miRCURY LNA miRNA Mimic (Qiagen) in X-VIVO media compared to reagent only and no transfection controls. For all transfections, viability was assessed by trypan blue exclusion and flow cytometry, and efficiency was determined by flow cytometry. Based on these results, TransIT-TKO was optimized for primary human NK cell transfection with sense and anti-sense miRNAs.

Briefly, 1x10^6^ NK cells were resuspended in 510 μL X-VIVO media containing 100 IU/mL IL-2. In a separate sterile, RNase free, microfuge tube, 50 μL Opti-MEM Reduced serum media (ThermoFisher Scientific) was combined with 1 μL TKO reagent and 25 nM FAM-labelled negative control, mimic (sense) or antisense miRNA (Qiagen) and incubated in the dark for 20 minutes. The Opti-MEM-TKO-miRNA solution was added dropwise to the cells and the plate was rocked gently. Transfected NK cells were incubated for a minimum of 18 hours and maximum of 4 days at 37°C under 5% CO~2~ conditions.

Molecular biology {#sec006}
-----------------

Mimic (sense) and antisense (inhibitors) for miRNA or a negative control mimic were obtained from Qiagen (miRCURY LNA miRNA Mimics/Inhibitors with FAM label, **[S1 Table](#pone.0231664.s003){ref-type="supplementary-material"}**). To confirm and quantify sense and antisense miRNA delivery post NK cell transfection, miRNA expression was assessed by real time quantitative PCR (RTqPCR). Total RNA, including miRNA, was isolated using the miRNeasy Mini Kit including an on-column DNase digestion (Qiagen) as described by the manufacturer. RNA was tested for quantity and quality using a NanoDrop spectrophotometer prior to cDNA synthesis. To create cDNA, a miScript II RT kit (Qiagen) was used according to manufacturer's instructions. The final cDNA template was diluted 1/10 and stored at -20°C. To confirm that there was no DNA contamination, all cDNA reactions included at least one reaction that omitted the reverse-transcriptase, (no RT control), and this cDNA was run for all miRNA targets and reference genes to confirm that no PCR product was made. RTqPCR reaction mixtures contained molecular grade sterile water, 1x SsoAdvanced Universal SYBR Green Supermix, 0.25 mM forward and universal reverse primers, and 5 μL of the appropriate cDNA template. Reference genes, *miR-103a-3p* and *miR-191-5p*, were selected by GeNorm algorithm \[[@pone.0231664.ref030], [@pone.0231664.ref031]\]. RTqPCR cycles (**[S2 Table](#pone.0231664.s004){ref-type="supplementary-material"}**) were completed with CFX Connect real-time PCR detection system (BioRad) and analyzed with CFX Maestro software. All primer sequences and annealing temperatures can be found in **[S3](#pone.0231664.s005){ref-type="supplementary-material"} and [S4](#pone.0231664.s006){ref-type="supplementary-material"} Tables**.

Flow cytometry {#sec007}
--------------

To assess possible phenotypic and functional changes to the cells, NK cells transfected with the negative control miRNA mimic were stained and assessed by flow cytometry. Antibodies, clones and concentrations used are shown in **[S4 Table](#pone.0231664.s006){ref-type="supplementary-material"}**. Non-specific binding was prevented by incubation with 1.3 mg/mL Fc Block containing a mixture, (1:1) of human IgG and heat aggregated IgG, (CSL Behring) at 4°C. After 15 minutes, surface stains, prepared in brilliant stain buffer (BD Bioscience), were added directly to the cells, and the cells were incubated in the dark for a further 20 minutes. The cells were washed with 1x PBS and stained with eBioscience fixable viability dye (ThermoFisher) for 30 minutes at 4°C then washed in staining buffer (5 min, 700 x *g*). In some experiments, the cells were stained intracellularly using the Fixation/Permeabilization Solution kit (BD Bioscience) according to the manufacturer's instructions. Following staining, cells were resuspended in 1% paraformaldehyde for fixation. Flow cytometers in the Dalhousie University's CORE facilities (BD FACS Canto II or BD Fortessa with BD FACSDIVA software), were used for all flow cytometry data collection and data were analyzed using FlowJo 10.5 software.

Degranulation and cytotoxicity assays {#sec008}
-------------------------------------

To assess possible changes in NK cell function after TransIT-TKO transfection, we performed cytotoxicity assays using K562 to measure direct killing \[[@pone.0231664.ref032]\], and Rituximab (RTX)-coated autologous B cells to measure ADCC \[[@pone.0231664.ref033]\]. Prior to each assay, target cells (K562 or RTX-coated B cells) were stained with cell trace violet (CTV) (Thermofisher). Negative control mimic transfected and non-transfected NK cells were co-cultured with CTV-stained target cells such that the NK to target cell ratio was 1:1, and centrifuged at 200 x *g* for 3 minutes to promote cell-cell contact. K562 co-cultures were incubated for 5 hours and autologous PBMC co-cultures were incubated for 2 hours with or without 5 μg/mL RTX. Both co-cultures were maintained in X-VIVO 10 media with anti-LAMP1 (CD107a) antibody. To assess functional results (cytotoxicity and degranulation) co-cultures were stained for flow cytometry analysis.

Statistical analysis {#sec009}
--------------------

All statistical analyses were conducted on either normalized RTqPCR relative gene expression or flow cytometry geometric means as appropriate. Samples were tested for normality with the Shapiro-Wilk normality test, and passed normality if α = 0.05. If the data passed normality, analysis of variance (ANOVA) and parametric matched ratio paired *t* tests were completed. If the data did not pass normality, paired non-parametric Wilcoxon tests were performed. Data for all statistical tests was deemed significant if p\<0.05.

Results {#sec010}
=======

Establishment of serum-free growth conditions for primary human NK cells {#sec011}
------------------------------------------------------------------------

MiRNAs are extremely conserved, often having exact or highly homologous sequences across mammalian species. We compared the sequences for miR-155-5p and miR-146a-5p between humans, cows, horses and mice: species whose serum is most often used in the culture of human NK cells. As expected, there is extensive inter-species conservation for these miRNA **([S5 Table](#pone.0231664.s007){ref-type="supplementary-material"}).** To avoid introduction of extraneous miRNAs through culture and/or transfection, we developed serum-free culture conditions for primary human NK cells.

NK-92 and primary human NK cells were cultured for up to four days, and cellular viability was assessed by trypan blue exclusion and flow cytometry **([S1 Fig](#pone.0231664.s001){ref-type="supplementary-material"})**. NK-92 cells grown in X-VIVO and RPMI maintained a viability of 95% but cells grown in ATCC recommended media exhibited a decreased viability of 85% after four days. Surprisingly, primary NK cells grown in X-VIVO media maintained a higher viability (92±2%) than those cultured in ATCC media (87±7%) after four days of culture. Cellular viabilities did not significantly differ between the ATCC recommended media for the NK-92 cell line or primary human NK cells and all subsequent experimentation was therefore conducted using serum free X-VIVO 10 media.

TransIT-TKO outcompetes other transfection techniques for delivering sense and antisense miRNAs to primary human NK cells {#sec012}
-------------------------------------------------------------------------------------------------------------------------

To determine the best technique for primary NK cell transfections, we compared the efficiency and viability of multiple transfection techniques, including lipofectamine, nucleofection, TransIT-SiQuest, and TransIT-TKO, a reagent created for delivery of siRNA (**[Fig 1](#pone.0231664.g001){ref-type="fig"}**). We used a fluorescein (FAM)-labeled control miRNA which encodes only a "scramble" sequence (i.e. no specific miRNA) to compare transfection approaches. The FAM label was included in this and all transfections (control, mimic and antisense). FAM allowed us to track transfection efficiency as the proportion of FAM+ among viable NK cells after transfection, and persistence of labeled oligonucleotides. Among the transfection methods tested, only TransIT-TKO could introduce miRNA efficiently (93.4+/-2.9% transfected), and without substantial mortality among recipient cells (93±2.8% viable at 2.5 days post-transfection). Similar transfection efficiencies were obtained for scramble oligonucleotide controls and all miRNA mimics and inhibitors used in subsequent experiments. To our knowledge, this is the most efficient transfection of NK cells reported.

![TransIT-TKO outcompetes other transfection techniques.\
RosetteSep isolated primary human NK cells were transfected with 25 nM FAM-labeled negative control (scramble oligonucleotide) for 24 hours using nucleofection (red circle), lipofectamine (blue square), TransIT-SiQuest (black diamonds), or TransIT-TKO (green triangles). A-B) Cellular purity, viability, and transfection efficiency was assessed by flow cytometry. C-E) Comparison of transfection efficiencies and viabilities between transfection techniques. Plots represent individual transfection attempts, bars represent mean ± standard deviation. Data was assessed by one-way ANOVA (C) and unpaired *t* tests (D-E).](pone.0231664.g001){#pone.0231664.g001}

We were surprised by the high and consistent miRNA NK cell transfection efficiencies without compromise to cellular viabilities achieved by TransIT-TKO. To determine whether this reagent was universally effective for delivery of miRNA, we tested its utility for transfecting FLS and primary PBMCs (**[S2 Fig](#pone.0231664.s002){ref-type="supplementary-material"}**). Between all three cell types we achieved an average viability of 94.2±5% and efficiency of 98.4±0.3%. TransIT-TKO successfully transfected both hematopoietic and non-hematopoietic cells, indicating its universal utility for delivery of mimic or antisense miRNA species.

miRNA-155-5p and miRNA-146a-5p expression can be controlled by transfection with TransIT-TKO {#sec013}
--------------------------------------------------------------------------------------------

We next sought to alter the miRNA microenvironment in NK cells by introducing mimic miRNA or antisense miRNA to increase or silence expression of specific miRNA species, respectively. For this experiment, we elected to alter expression of miRNA-155-5p or miR-146a-5p, two miRNA species known to impact NK cell function \[[@pone.0231664.ref011], [@pone.0231664.ref034]\]. Following transfection with sense miRNA-155-5p or miR-146a-5p, we observed \~1000-fold and sustained increases in expression of these miRNA species in primary human NK cells **([Fig 2A and 2B](#pone.0231664.g002){ref-type="fig"})**. Persistent expression of the transfectant-encoded FAM protein was observed in over 90% of cells by flow cytometry and similar between cells transfected with scramble or miRNA-modifying oligonucleotides. Furthermore, RT-qPCR revealed quantitative changes in the expression of intracellular miRNAs: delivery of the antisense miRNAs led to a significant decrease in the quantity of miRNA-146a-5p transcripts (0.3±0.08, p = 0.0288) and a trend toward decreased miRNA-155-5p (0.23±0.28) in transfected cells.

![TransIT-TKO delivery of sense and antisense miRNAs alters miRNA NK landscape.\
RosetteSep isolated primary human NK cells were transfected with 25 nM miR-146a-5p or miR-155-5p sense or antisense miRNA using TransIT-TKO. A) Sense miRNA transfection efficiencies were determined by flow cytometry to measure FAM. B) MiRNA sense and antisense delivery was measured by RTqPCR and compared to negative control miRNA. Reference miRNAs included miR-103a-3p and miR-191-5p. Data represents individual transfections (efficiency or fold change) and bars represent mean ± standard deviation, n = 3--4. RTqPCR results were assessed by one-way ratio paired *t* tests. C) mRNA for two targets of mR-146a-5p, STAT1 and IRAK1, was measured 18h post transfection. Values are presented as fold change compared with mRNA values from the same donor after transfection with scramble oligonucleotide.](pone.0231664.g002){#pone.0231664.g002}

To determine whether these changes could impact miRNA targets, we measured STAT-1 and IRAK-1 mRNA expression in cells after transfection with miRNA-146-5p mimic or scrambled control oligonucleotide. As predicted, both STAT-1 and IRAK-1, direct targets of miRNA-146-5p \[[@pone.0231664.ref035], [@pone.0231664.ref036]\], were diminished 18h after transfection ([Fig 2C](#pone.0231664.g002){ref-type="fig"}). Taken together, these results reveal that miRNA species can be quickly manipulated in primary human NK cells.

The distribution of NK cell subsets is not altered by miRNA transfection {#sec014}
------------------------------------------------------------------------

To study the impacts of miRNA on NK cell function, a technique that can alter miRNA while preserving normal NK cell function and phenotype is needed. We compared NK cells transfected with a non-specific negative control mimic to non-transfected cells to determine whether TransIT-TKO or the introduction of exogenous miRNA nonspecifically influences the phenotype of NK cells. After 2.5 days, we measured and compared the phenotype of NK cells from the same donor after each treatment (**[Fig 3](#pone.0231664.g003){ref-type="fig"}**). Recognizing the extensive donor to donor variation that occurs, we compared the distribution of NK cell subsets before and after transfection with matching based on donor. Our first flow cytometry panel tested the distribution of the inhibitory KIR and NKG2A receptors, which are known to be important for NK cell education **([Fig 3A](#pone.0231664.g003){ref-type="fig"})**. In our second panel, we queried markers of adaptive/memory NK cell populations **([Fig 3B](#pone.0231664.g003){ref-type="fig"})**. Neither phenotypic analysis exhibited substantial changes in response to transfection, indicating that this highly-efficient technique for miRNA manipulation does not skew NK cell population frequencies.

![TransIT-TKO transfection with negative control mimic does not impact NK cell phenotypes and distribution.\
RosetteSep isolated human NK cells were transfected with Negative Control Mimic for 2.5 days with TransIT-TKO. NK cell phenotypic markers were assessed by flow cytometry and donors were genotyped for *HLA*.](pone.0231664.g003){#pone.0231664.g003}

NK cell cytotoxic function by missing self-responsiveness and ADCC are not impacted by miRNA transfection {#sec015}
---------------------------------------------------------------------------------------------------------

To ascertain whether transfection changed the reactive function of NK cells, we tested whether missing self-responsiveness was altered by transfection. We tested populations from the same donor with and without stimulation using the HLA-negative NK cell target K562 (**[Fig 4](#pone.0231664.g004){ref-type="fig"}**). As expected, NK cells responded to the "missing ligand" target, K562 with increased IFN-γ production and degranulation (CD107a externalization) compared to unstimulated cells. Consistent with previous observations \[[@pone.0231664.ref037]\], granzyme B was depleted after degranulation of NK cells. Importantly, the introduction of negative control miRNA mimics did not alter the magnitude of this missing self-reactivity among NK cells. Hence, TransIT-TKO transfection can be used to alter the miRNA landscape without non-specifically impacting the fundamental physiology of NK cells.

![Missing self reactivity is not impacted by miRNA transfection.\
NK cells were isolated form healthy human donors and transfected for 2.5 days using a negative control miRNA mimic, or mock transfected. Thereafter, NK cells were challenged with the HLA-negative target K562 and IFN-γ and degranulation were measured. NK cells predicted to be educated based on donor HLA are shown as hollow circles; NK cells predicted to be uneducated are shown as filled symbols. Each donor is represented by a unique color.](pone.0231664.g004){#pone.0231664.g004}

A major feature of NK cells is their ability to mediate antibody-dependent cellular cytotoxicity (ADCC). We tested NK cell-mediated ADCC by incubating NK cells with and without transfection of negative control miRNA mimics with autologous B cells in the presence of anti-CD20 (Rituximab, RTX). Similar to missing self-responsiveness, NK-mediated ADCC was not altered by TransIT-TKO transfection or the introduction of non-targeting miRNA mimics **([Fig 5](#pone.0231664.g005){ref-type="fig"})**. Taken together, these functional studies confirm that the impacts of miRNA sense or antisense strands to NK cells is highly effective and does not lead to off-target impacts on NK cells. Therefore, this approach to alter the NK miRNA microenvironment will be useful in determining the specific impacts of miRNA species on NK cell function.

![Scrambled oligonucleotide transfection has no effect on NK cell function.\
Rosettesep isolated human NK cells were transfected with scrambled oligonucleotide using TransIT-TKO methodology and incubated for 2.5 days. Transfected and non-transfected NK cells were cultured alone, with K562 cells (1:1) or with autologous PBMCs such that the B cell to NK cell ratio was 1:1 with and without RTX (anti-CD20). **A)** Targeted cell death was assessed by flow cytometry. **B)** NK cells degranulation was assessed by surface expression of CD107a and was measured by flow cytometry. Dots represent individual healthy donors, bar graphs represent mean ± SD. Data was assessed by two way ratio paired *t* tests.](pone.0231664.g005){#pone.0231664.g005}

Discussion {#sec016}
==========

MicroRNA are presenting as important and complex controllers of immune function, particularly in NK cells. Studying miRNA is challenging because of their numerous and heterogeneous impacts, but understanding them may open the possibility of miRNA-based therapy or NK cell manipulation for control of cellular processes. Research on miRNA has been bottlenecked by a lack of ideal approaches to alter the miRNA landscape without off-target effects. We report that both primary NK cells and the NK-92 cell line can be efficiently transfected for alterations of miRNA in serum-free conditions. Cellular viability, phenotype and function are maintained for at least four days in cell culture, and NK cells exhibit increases or decreases in specific miRNA expression after introduction of sense or antisense miRNA, respectively. Using a negative miRNA mimic control, we show that miRNA introduction and the use of TransIT-TKO alone do not alter NK cell function for missing-self reactivity or ADCC, or significantly impact the distribution of NK cell populations. Taken together, this work represents a novel and highly efficient technique for manipulating the miRNA environment in NK cells that will facilitate studies of miRNA impacts on NK cells.

In this study, we focused on two miRNA species with known impacts on NK cell function: miR-146a-5p and miR-155-5p. These species are generally associated with negative and positive feedback on NK cell activation, respectively. MiRNA-146a-5p is activated through NFκB and inhibits pro-inflammatory responses, including production of type I IFN, IL-1β and TNF, by regulating TRAF6 and STAT1; this in turn regulates NK cell function and maturation \[[@pone.0231664.ref038], [@pone.0231664.ref039]\]. In contrast, miR-155-5p is most commonly associated with pro-inflammatory features, including increasing production of IFN-γ and TNF production \[[@pone.0231664.ref040]\]. Here, we demonstrate that the expression of these miRNA species can be altered within 18h of transfection, with impacts on expression of mRNA for their target genes. Given the pleiotropic and dynamic nature of miRNA programs, altering them may provide broad changes in immunologic programs that would be beneficial in therapeutic applications or informative in disease processes.

Capable of immune polarization, target cell killing and self-tolerance, NK cells are attractive as tools for immunotherapy. NK cells do not require strict HLA matching, and have not been associated with substantial toxicity or off-target effects and may therefore be applicable as off-the-shelf adoptive cell therapies \[[@pone.0231664.ref022], [@pone.0231664.ref041], [@pone.0231664.ref042]\]. Increasingly, there is interest in engineering NK cells (i.e. chimeric antigen receptors or cytokines), for fit-for-purpose applications in immunotherapy \[[@pone.0231664.ref021]\]. Despite their advantages NK cell-based clinical trials have yielded heterogeneous results, likely reflecting further obstacles, such as immunosuppression in a tumor microenvironment, that hinder their reactivity \[[@pone.0231664.ref043], [@pone.0231664.ref044]\]. Analysis of miRNA transcriptomes from NK cells derived from peripheral blood, cord blood, and uterine decidua reveal significant differences in miRNA profiles, suggesting that miRNA may help to calibrate and tailor NK cell effector functions. Manipulation of miRNA profiles may complement ongoing engineering by allowing control of intracellular networks to buffer environmental signals and allow persistent NK cell migration, reactivity or regulation \[[@pone.0231664.ref018]\].

The high stability of miRNA, and that it is released and available in body fluids make it attractive candidates as biomarkers or for targeted therapies \[[@pone.0231664.ref016]--[@pone.0231664.ref018]\]. Although transfection techniques are numerous, efficient transfection of primary NK cells without introducing off-target effects or skewing the NK cell population remains challenging. In NK cells, transfection is associated with TLR activation, reduced NK cell function and apoptosis, as NK cell pattern recognition receptors respond to components of the delivery vector or the oligonucleotides themselves \[[@pone.0231664.ref023], [@pone.0231664.ref045]\]. Viral transfection can efficiently and permanently deliver a transgene of interest, but typically requires activation and/or proliferation of NK cells, and repeated infections and long culture times to be effective \[[@pone.0231664.ref023]\]. Noteworthy, lentiviral transduction requires ongoing cellular division \[[@pone.0231664.ref046]\], which is incompatible with understanding the impacts of miRNA on resting NK cells. These infections and long culture times can have unintended consequences, convey insertional mutagenesis or alter the distribution or function of NK cell subsets inadvertently, and require strict safety precautions \[[@pone.0231664.ref045], [@pone.0231664.ref047]\]. Hence, for short-term study or alteration of miRNA in primary NK cells, non-viral transfections are desirable.

In our hands, only TransIT-TKO could efficiently transfect primary NK cells with high efficiency without substantial loss of viability. To our knowledge, the introduction of miRNA to NK cells using the TransIT TKO system represents the most efficient transfection method for alteration of miRNA in primary NK cells, outcompeting other methods of oligonucleotide delivery, including non-viral transfection methods. In our analysis, we assessed markers both of NK cell education (i.e. KIRs, NKG2A, LIR-1) and adaptation/memory (i.e. NKG2C, CD57, CD2, PLZF) \[[@pone.0231664.ref008], [@pone.0231664.ref009]\], finding that none are substantially altered through transfection alone. This opens the possibility to study the role(s) of miRNA or clusters of miRNA in NK and other cell types without substantial alterations from their resting state.

The magnitude of targeted miRNA reduction with use of miRNA inhibitors was less than that of the increase prompted by transfection of sense miRNA. This could reflect that these anti-sense miRNAs may bind to and inhibit miRNA translational repression of mRNA without initiating the miRNA degradation. Due to limitations in the viability and persistence of NK cells *in vitro*, we were unable to measure the impacts or persistence of transfected miRNA mimics or inhibitors beyond 2.5 days in these experiments. However, as miRNA are thought to act relatively quickly to repress mRNA in cells (i.e. 12-24h) \[[@pone.0231664.ref048]\], a 2.5-day window may nonetheless be sufficient to study the impact of miRNA on NK cell function.

NK cells are potent immune effectors already known to be important for controlling the outcomes of pregnancy, infection and cancer. Distinct NK cell subsets drive inflammation or impact immunoregulatory functions, and restrict adaptive immune responses that may otherwise lead to autoimmunity \[[@pone.0231664.ref049]--[@pone.0231664.ref051]\]. Variation in NK cell function within and between individuals is known to correspond with diversity in health outcomes, making this population highly interesting for study and precise immunotherapy. Our approach for genetic manipulation of primary human NK cells that introduces minimal changes in NK cell function, phenotype or viability, and can be completely conducted using serum-free media, presenting the possibility of manipulating NK miRNA to understand its roles, and to tailor NK cell function.

Supporting information {#sec017}
======================

###### X-VIVO serum free media best supports NK cell growth for cellular transfections.

NK-92 cells (Top) and RosetteSep isolated primary human NK cells (Bottom) were grown in ATCC recommended media (containing 25% serum) and serum free X-VIVO media for up to 4 days. **A/C)** Images represent magnification with 20x objective lens. **C/D)** Cellular viability were assessed by trypan blue exclusion. Data represents individual (B) or mean (D) values ± standard deviation, n = 1--3. Data was assessed by *t* test, ns indicates no significance.

(DOCX)

###### 

Click here for additional data file.

###### TransIT-TKO is effective for transfection of lymphocytes and fibroblasts.

RosetteSep isolated primary human NK cells (**A**) primary human PBMCs (**B**) and primary JIA FLS (**C**) were transfected with miR-146a-5p sense or antisense miRNA compared to non-transfected control cells. **A-C)** Cellular viability, purity, and efficiency were determined by flow cytometry. **D)** MiRNA delivery was assessed by RTqPCR. Baseline reflects expression level of mi-146a-5p in cells transfected with negative control miRNA. Fold changes compared to negative were calculated using two reference miRNAs and the Pflaff Method. Data represents individual measurements and bars represent mean ± standard deviation, n = 1--3. RTqPCR results were assessed by one-way ratio paired *t* tests.

(DOCX)

###### 

Click here for additional data file.

###### Qiagen miRCURY LNA sense and antisense miRNA sequences.

(DOCX)

###### 

Click here for additional data file.

###### Primer sequences, efficiencies, and annealing temperatures for miRNA.

(DOCX)

###### 

Click here for additional data file.

###### Primer sequences, efficiencies, and annealing temperatures for mRNA.

(DOCX)

###### 

Click here for additional data file.

###### Flow cytometry antibodies, dyes and labels.

(DOCX)

###### 

Click here for additional data file.

###### Non-exhaustive MiRBase sequence blast.

(DOCX)

###### 
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High efficiency serum-free manipulation of miRNA in human NK cells without loss of viability or phenotypic alterations

PLOS ONE

Dear Dr. Boudreau,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please respond to all critique, Point-by-Point. In particular:

Transfection efficiencies were determined by fluorescence and qRT-PCR. Efficient transfection should be verified by the modulation of target gene expression, such as STAT1, as suggested by reviewer 1.

The discrepancy between the text (Results, line 268) and Figure 4, KIR2L2/L3 should be resolved, as requested by reviewer 2.

We would appreciate receiving your revised manuscript by Mar 20 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Klaus Roemer

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Reading the title and abstract of this paper, a report on a new miRNA transfection method efficient in primary NK cells is expected. Instead, the aim of this paper is a comparative analysis of existing methods for the transient transfection of miRNA in primary NK cells. In particular, the authors compare the efficiency of different methods and evaluate side effects on cell viability.

The topic is interesting due to the known difficulties in obtaining an efficient transfection and an acceptable viability of primary NK cells.

However, the paper shows critical limitations that can be summarized in four main points.

1\. The title and abstract should be modified to clearly summarize the real content of the paper

2\. The authors consider only four transfection methods, two of which of the same producer.

A systematic description of the currently available methods is completely absent.

The authors should at least briefly describe the different kinds of methods motivating their choice of limiting their analysis to the four ones described.

3.The transfection efficiency is evaluated by the use of fluorescently-labeled miRNAs and by real-time PCR. It is known that part of the delivered miRNA can be functionally inactive (Thomson et al. Plos One 2013, 8: e55214. <https://doi.org/10.1371/journal.pone.0055214>). Consequently, miRNA transfection efficiency should be evaluated by a miRNA functional assay.

4\. The authors should test the expression modulation induced by a specific miRNA on a known target gene. For example, in NK cells STAT1 is a documented target of miR-146a, which authors used for transfection experiments, (Xu et al. Cell Mol Immunol 2017, 14: 712-720). STAT1 mRNA expression should be detected in primary NK cells transfected with a miR-146a mimic/inhibitor or with a miRNA negative control.

Minor points

Table 1 should be included in the Supplementary Data.

Line 210, Supplementary Table 4, not 3

Lane 226, "Each of our transfectants..." not clear, the authors should simply describe that they transfected a fluorescently-labeled negative control miRNA mimic

Lines 232-238, Authors should describe in the text that they transfected FAM-labeled miR-146 mimic and inhibitor in the described cell types.

Lines 241-248, Authors should better describe the results reported in Fig.2, which are partly obtained by flow cytometry, partly by real-time PCR.

Reviewer \#2: The study describes the establishment of a protocol for transfection of micro RNA into primary NK cells. In the rationale, the scientific value of the study is well described and the results obtained are correctly ranked. The individual chapters are written in an understandable way and the procedure is easy to follow. The result of the study is a new and very efficient method to introduce miRNA into primary NK cells without off-target effects. This opens up the possibility of improving the activity of NK cells in a targeted manner and thus optimising the potential of NK cells in the context of adaptive transfer of effector cells. Thus, the study has a sufficient impact on this field.

However, before this study can be published, some additions or improvements should be made to the manuscript.

Major revisions:

Results / line 243: Two miRNAs (155-5p and 146a-5p) were used in this study to determine the transfection efficiency under different conditions, with a „known impact on the function of NK cells". I think it is urgently necessary to describe this \"impact\" more detailed in the corresponding chapter on methods.

Results / line 246: The authors write that transfection with both anti-sense miRNAs led to a significant decrease in the number of copies of the respective sense miRNA in the NK cells. In the corresponding figure 2B, however, this decrease is only significant for anti-sense miRNA-146a-5p. Although it is obvious that the transfection of anti-sense miRNA-155-5p also led to a reduced number of the corresponding sense-miRNA in the transfected NK cells, the result has to be described in this way.

Results / line 249 ff.: For the subsequent experiments to further characterize the transfection with TransIT-TKO, a \"mimic\" miRNA was used to exclude influences of the transfected miRNA on the phenotype and activity of the successfully transfected NK cells. This also made perfect sense. However, it would then be necessary to mention the transfection efficiency of the mimic miRNA and the NK-cell viability after transfection and ideally to show the corresponding figures in the supplementary materials.

However, if the transfection efficiency for mimic miRNA is significantly lower than that of NK cell-relevant miRNA (155-5p or 146a-5p), the validity of control transfections using mimic miRNA to investigate transfection-related side effects on NK cells would be questionable.

Results / line 268: In line 268/269 it is written that the so-called educated NK cells under K562 stimulation achieved higher IFN-� production and degranulation than their uneducated counterparts. However, the corresponding figure (Figure 4 / KIR2L2/L3) certainly does not show a significant difference between these two NK-cell types with regard to their target-induced activity. The authors should therefore substantiate this assertion with statistical numbers or change their statement accordingly.

Remark: As described in line 118 in the chapter \"Cell lines and culture\", 100 U/ml IL-2 were used for the culture of NK cells. Thus, this cytokine was dosed very highly. The effector cells used in the study were therefore actually lymphokine-activated killer cells (LAK). Whether this high dose had any effect on miRNA transfection remains open. However, the results of the ADCC tests were certainly influenced by this. Due to the fact, that all controls were applied with the same medium, it can be assumed that the results and conclusions derived from the assays are nonetheless correct. I would like to ask the authors for a short statement outside the manuscript.

Minor revisions

Generally: The authors should pay attention to a continuous identical designation of the miRNA (miR-155-5a / miRNA-155-5p).

Abstract / line 26: Although it is not yet clear to what extent which miRNA interacts with its mRNA via decradation and/or inhibition of translation, it is clear that miRNA does not affect the \"transcription\" of mRNA. Generally speaking, miRNA interferes with the \"expression\" of the respective mRNA.

Methods / line 126 It is certainly not mandatory to report the exact concentration of \"NEAA\" and \"penicillin/streptomycin\" here. But writing \"1X\" is of no use to anyone.

Methods / line 145 Were 100 or 110 U IL-2/ml used?

Methods / line 153 „Sense (mimic)" would be the better spelling.

Methods / line 175 If it's not a name, the spelling of „FcBlock" is unusual (Fc block).

Methods / line 193 Why were the K562 co-cultures incubated for 5 hours and the PBMC co-cultures for only 2 hours?

Results / line 253 e. g. „phenotype" instead of „function" would be correct in this context.

Results / line 254 See commentary in line 253.

Figure 1 / legend Please describe which miRNA (miRNA-155-5p or miRNA-146a-5p) was used for the data displayed in the correspondimg figures.

Why is the number of volunteers whose NK cells were transfected using TranIT-SiQuest lower than those whose NK cells were transfected with lipofectamine or TansIT-TKO, respectively?

Figure 2 / Y-axis As a characteristic of quantitative PCR, the designation of the Y-axis in figure 2A with \"��Cq\" is definitely wrong and on the same axis in figure 2B at least not absolutely necessary, because this axis was sufficiently labelled with \"Fold Change\".

Figure 4 / legend + Scrambled Oligonucleotide

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Response to the editor:

E1. Transfection efficiencies were determined by fluorescence and qRT-PCR. Efficient transfection should be verified by the modulation of target gene expression, such as STAT1, as suggested by reviewer 1.

Response: This is indeed an important consideration. To demonstrate that miRNA transfected in this way are functional, we have appended a new panel to Figure 2 and explained in-text that reductions in the mRNA for two miRNA-146a-5p targets are observed at 18h post-transfection.

E2. The discrepancy between the text (Results, line 268) and Figure 4, KIR2L2/L3 should be resolved, as requested by reviewer 2.

Response: We have removed the link to NK cell education, although we do maintain that the average IFN-γ production among educated NK cells is, on average, higher than that of the uneducated population. However, additional samples would likely be needed in order to confidently draw conclusions about education since extensive inter-individual variation indeed occurs. With this in mind, we felt it best to maintain the legend indicating educated and uneducated populations for the interested reader, but refrain from drawing conclusions about NK cell education based on this data.

Response to reviewer \#1:

1\. The title and abstract should be modified to clearly summarize the real content of the paper

Response: We understand how the previous title may have been misleading, and have changed it to reflect the content of the paper, which reveals transIT-TKO as a highly effective approach for transfecting primary human NK cells:

"Highly efficient serum-free manipulation of miRNA in human NK cells without loss of viability of phenotypic alterations is accomplished using TransIT-TKO"

2\. The authors consider only four transfection methods, two of which of the same producer.

A systematic description of the currently available methods is completely absent.

The authors should at least briefly describe the different kinds of methods motivating their choice of limiting their analysis to the four ones described.

Response: Respectfully, the goal of this work was to identify an efficient protocol with which to transfect miRNA to NK cells without altering their phenotype or viability. We did not feel that it was necessary to exhaustively test all available protocols once we achieved \>90% efficiency and viability without changes to NK cell phenotype. Nevertheless, we agree that it is worth acknowledging the approaches that have been used to date to modify miRNA expression and now include this as part of our introduction and discussion. Surprisingly few studies have attempted to alter primary human NK cells' miRNA profile, and most do not report transfection efficiency. It is our sincere hope that our work will enable studies of miRNA impacts in primary human NK cells.

To address this comment, we have added a paragraph to the introduction to describe the existing knowledge and published attempts at miRNA modification in primary human NK cells, noting that a major limitation of each is the inclusion of serum in the media.

3.... miRNA transfection efficiency should be evaluated by a miRNA functional assay.

4\. The authors should test the expression modulation induced by a specific miRNA on a known target gene\... mRNA expression should be detected in primary NK cells transfected with a miR-146a mimic/inhibitor or with a miRNA negative control.

Response: Whether transfected miRNA is indeed functional is an important consideration. We now include data to demonstrate decreased mRNA expression for two targets of miRNA146a-5p (STAT-1 and IRAK1) 18h post-transfection (Figure 2C).

Minor points

5\. Table 1 should be included in the Supplementary Data.

Response: We have moved Table 1 to become Supplementary Table 2 and relabeled supplementary tables throughout the supplement and manuscript text.

6\. Line 210, Supplementary Table 4, not 3

Response: We apologize for this error and have corrected the supplementary table labeling throughout. This is now supplementary Table 5, after moving the original Table 1 to supplementary information and relabeling appropriately.

7\. Lane 226, "Each of our transfectants..." not clear, the authors should simply describe that they transfected a fluorescently-labeled negative control miRNA mimic

Response: Since each of our transfected oligonucleotides (carrying a specific or scrambled payload) was labeled with FAM, we clarified this to read as follows:

"We used a fluorescein (FAM)-labeled control miRNA which encodes only a "scramble" sequence (i.e. no specific miRNA) to compare transfection approaches. The FAM label was included in this and all transfections (control, mimic and antisense). FAM allowed us to track transfection efficiency as the proportion of FAM+ among viable NK cells after transfection, and persistence of labeled oligonucleotides."

8\. Lines 232-238, Authors should describe in the text that they transfected FAM-labeled miR-146 mimic and inhibitor in the described cell types.

Response: We apologize for the confusion and have clarified these statements. In fact, each transfectant (not only the control) was coupled to FAM. In Figure 1 (described in these lines), cells were transfected with a FAM-labeled control (scramble) miRNA, not a miR-146 mimic. This was included in the figure caption and the text has now been updated to make this clear. Furthermore, ALL of our transfectants (control, mimic or antisense miRNA) were labeled with FAM. To clarify, we updated this statement to read as follows:

"We used a fluorescein (FAM)-labeled control miRNA which encodes only a "scramble" sequence (i.e. no specific miRNA) to compare transfection approaches. The FAM label was included in this and all transfections (control, mimic and antisense transfectants) and allowed us to track transfection efficiency as the proportion of FAM+ among viable NK cells after transfection, and persistence of labeled oligonucleotides."

9\. Lines 241-248, Authors should better describe the results reported in Fig.2, which are partly obtained by flow cytometry, partly by real-time PCR.

Response: Thank you for this critique. The text has now been updated to reflect that data were collected by flow cytometry (panel A) and RT-qPCR (panel B).

Response to reviewer \#2:

Major revisions:

1\. Results / line 243: Two miRNAs (155-5p and 146a-5p) were used in this study to determine the transfection efficiency under different conditions, with a „known impact on the function of NK cells". I think it is urgently necessary to describe this \"impact\" more detailed in the corresponding chapter on methods.

Response: We agree that demonstrating a functional impact of miRNA transfection is important and we have now included data to demonstrate how miRNA-146-5p diminishes mRNA for two of its targets, STAT1 and IRAK1 (results). In addition, we added a paragraph in the discussion to describe the important and opposing impacts of these two miRNA in NK cell biology. Respectfully, we felt it more appropriate to include these details in the the results and discussion sections than the methods section.

2\. Results / line 246: The authors write that transfection with both anti-sense miRNAs led to a significant decrease in the number of copies of the respective sense miRNA in the NK cells. In the corresponding figure 2B, however, this decrease is only significant for anti-sense miRNA-146a-5p. Although it is obvious that the transfection of anti-sense miRNA-155-5p also led to a reduced number of the corresponding sense-miRNA in the transfected NK cells, the result has to be described in this way.

Response: Thank you for bringing this to our attention. We have now updated the text to reflect that the change in miR-155-5p is a trend (i.e. lower, but not statistically significant).

3\. Results / line 249 ff.: For the subsequent experiments to further characterize the transfection with TransIT-TKO, a \"mimic\" miRNA was used to exclude influences of the transfected miRNA on the phenotype and activity of the successfully transfected NK cells. This also made perfect sense. However, it would then be necessary to mention the transfection efficiency of the mimic miRNA and the NK-cell viability after transfection and ideally to show the corresponding figures in the supplementary materials. However, if the transfection efficiency for mimic miRNA is significantly lower than that of NK cell-relevant miRNA (155-5p or 146a-5p), the validity of control transfections using mimic miRNA to investigate transfection-related side effects on NK cells would be questionable.

Response: We confirm that transfection efficiencies are similar among all treatments, including the scramble oligonucleotide controls. That the transfection efficiencies were similar between each treatment has now been explicitly stated in the results section of our manuscript.

3\. Results / line 268: In line 268/269 it is written that the so-called educated NK cells under K562 stimulation achieved higher IFN-g production and degranulation than their uneducated counterparts. However, the corresponding figure (Figure 4 / KIR2L2/L3) certainly does not show a significant difference between these two NK-cell types with regard to their target-induced activity. The authors should therefore substantiate this assertion with statistical numbers or change their statement accordingly.

Response: This is an important critique. We have softened the language around this assertion. By comparing the educated (open) and uneducated (filled) circles, we respectfully assert that there is a difference based on education within this population (Educated: 34.0 +/-16.7%; Uneducated: 16.0 +/- 11.4%). However, we recognize that making this assertion on small groups is premature. Hence, we have removed the commentary about educated versus uneducated cells from the text of our work, but leave intact the legends to indicate the education status of each donor.

4\. Remark: As described in line 118 in the chapter \"Cell lines and culture\", 100 U/ml IL-2 were used for the culture of NK cells. Thus, this cytokine was dosed very highly. The effector cells used in the study were therefore actually lymphokine-activated killer cells (LAK). Whether this high dose had any effect on miRNA transfection remains open. However, the results of the ADCC tests were certainly influenced by this. Due to the fact, that all controls were applied with the same medium, it can be assumed that the results and conclusions derived from the assays are nonetheless correct. I would like to ask the authors for a short statement outside the manuscript.

Response: Thank you for this critique. Inclusion of IL-2 in cell culture media is critical for maintaining NK cell viability. Therefore it is indeed a limitation of this study that our NK cells may be better represented as LAK cells. We can confirm that all studies were completed in the same (optimized) media, and maintain that our results are therefore internally controlled for the impact of IL-2 exposure. We did not expressly titrate the cytokine to the lowest possible dose, but do note that similar concentrations of IL-2 are used in other studies of NK cell function with multi-day in vitro maintenance (i.e. Lauwerys et al., J Immunol 2000). Higher concentrations of IL-2 (500 IU/mL) can induce expression of miRNA species, including miRNA-155, but this is also true of IL-15 and IL-21, two other cytokines that may be chosen to support NK cells in vitro (Liu et al Immunology Letters 2012). Future studies will be required to minimize alterations in miRNA species that might occur as a result of culture conditions, and these might be best supported by multiple overlapping approaches to maintain NK cells in vitro, where the impacts of cytokine treatment and deliberate miRNA management can be ascertained.

Minor revisions

5\. Generally: The authors should pay attention to a continuous identical designation of the miRNA (miR-155-5a / miRNA-155-5p).

Response: We have combed through the manuscript and ensured that miR155-5p is written as such throughout the text, tables, supplement and figures.

6\. Abstract / line 26: Although it is not yet clear to what extent which miRNA interacts with its mRNA via decradation and/or inhibition of translation, it is clear that miRNA does not affect the \"transcription\" of mRNA. Generally speaking, miRNA interferes with the \"expression\" of the respective mRNA.

Response: We have changed "transcription" to "expression" in the abstract.

7\. Methods / line 126 It is certainly not mandatory to report the exact concentration of \"NEAA\" and \"penicillin/streptomycin\" here. But writing \"1X\" is of no use to anyone.

Response: We have removed the 1x from both NEAA and penicillin/streptomycin.

8\. Methods / line 145 Were 100 or 110 U IL-2/ml used?

Response: 100 IU/mL IL-2 was used. Thank you for identifying this error; it has been corrected.

9\. Methods / line 153 „Sense (mimic)" would be the better spelling.

Response: We have corrected this to now read:

"negative control, mimic (sense) or antisense miRNA"

10\. Methods / line 175 If it's not a name, the spelling of „FcBlock" is unusual (Fc block).

Response: This has been corrected to Fc Block

11\. Methods / line 193 Why were the K562 co-cultures incubated for 5 hours and the PBMC co-cultures for only 2 hours?

Response: Antibody-mediated cellular cytotoxicity is a highly-efficient mechanism for killing. We found that 2h was sufficient to identify target cell lysis without background cytotoxicity. In contrast, while degranulation primarily occurs against K562 in the first 2h, we find that cytokine production takes slightly longer. In our hands, 5h was the ideal time to observe maximal IFN-γ production by NK cells.

12\. Results / line 253 e. g. „phenotype" instead of „function" would be correct in this context.

Results / line 254 See commentary in line 253.

Response: We agree. These substitutions have been made.

13\. Figure 1 / legend Please describe which miRNA (miRNA-155-5p or miRNA-146a-5p) was used for the data displayed in the corresponding figures.

Response: For these optimization experiments, we used a FAM-labeled scramble control oligo (i.e. a transfection control oligo). Neither miRNA-155-5p or miRNA-146a-5p was used. We have updated the caption text to read:

"RosetteSep isolated primary human NK cells were transfected with 25 nM FAM-labeled negative control (scramble oligo) for 24 hours..."

14\. Why is the number of volunteers whose NK cells were transfected using TranIT-SiQuest lower than those whose NK cells were transfected with lipofectamine or TansIT-TKO, respectively?

Response: As our goal was to identify an optimal approach to delivering miRNA to primary NK cells, we tested several donors with each approach. These experiments were limited by the number of NK cells that could be collected from our volunteer donors on a day-to-day basis, so not every technique could be tested with each collection. Once clear and significant patterns were detected, it was not necessary to analyze more donors.

15\. Figure 2 / Y-axis As a characteristic of quantitative PCR, the designation of the Y-axis in figure 2A with \"DDCq\" is definitely wrong and on the same axis in figure 2B at least not absolutely necessary, because this axis was sufficiently labelled with \"Fold Change\".

Response: We apologize for this obvious error and oversight and have corrected both problems in the resubmitted figure.

16\. Figure 4 / legend + Scrambled Oligonucleotide

Response: Corrected. Thank you.
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Highly efficient serum-free manipulation of miRNA in human NK cells without loss of viability or phenotypic alterations is accomplished with TransIT-TKO

PONE-D-20-01243R1

Dear Dr. Boudreau,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Klaus Roemer

Academic Editor

PLOS ONE
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Highly efficient serum-free manipulation of miRNA in human NK cells without loss of viability or phenotypic alterations is accomplished with TransIT-TKO

Dear Dr. Boudreau:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Klaus Roemer

Academic Editor

PLOS ONE
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